The DNA repair enzyme uracil-DNA glycosylase from Mycoplasma lactucae (831-C4) was purified 1,657-fold by using affinity chromatography and chromatofocusing techniques. The only substrate for the enzyme was DNA that contained uracil residues, and the Km of the enzyme was 1.05 + 0.12 FM for dUMP containing DNA. The product of the reaction was uracil, and it acted as a noncompetitive inhibitor of the uracil-DNA glycosylase with a Ki of 5.2 mM. The activity of the enzyme was insensitive to Mg2+, Mn2 , Zn2+, Ca2 , and Co2+ over the concentration range tested, and the activity was not inhibited by EDTA. The enzyme activity exhibited a biphasic response to monovalent cations and to polyamines. The enzyme had a pI of 6.4 and existed as a nonspherical monomeric protein with a molecular weight of 28,500 ± 1,200. The uracil-DNA glycosylase from M. lactucae was inhibited by the uracil-DNA glycosylase inhibitor from bacteriophage PBS-2, but the amount of inhibitor required for 50% inhibition of the mycoplasmal enzyme was 2.2 and 8 times greater than that required to cause 50% inhibition of the uracil-DNA glycosylases from Escherichia coli and Bacillus subtlis, respectively. Previous studies have reported that some mollicutes lack uracil-DNA glycosylase activity, and the results of this study demonstrate that the uracil-DNA glycosylase from M. lactucae has a higher Km for uracil-containing DNA than those of the glycosylases of other procaryotic organisms. Thus, the low G+C content of the DNA from some molicutes and the A * T-biased mutation pressure observed in these organisms may be related to their decreased capacity to remove uracil residues from DNA.
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Members of the cell-wall-deficient class Mollicutes are the smallest self-replicating organisms known (17) . They possess the smallest genomes of any free-living organism (37, 39) , and the G+C content of their DNA is among the lowest known (29) . It has been proposed that the low G+C content of their DNA is due to an A * T-biased mutation pressure (33) . It has been suggested that variations in the amounts and/or activities of enzymes involved with DNA repair could cause the biased mutation pressure in these organisms (33, 47) . However, there have been few studies on DNA repair processes and the enzymes involved with such processes in these organisms (1, 12, 18) .
DNA glycosylases are a group of enzymes that remove damaged bases from DNA (7, 24) . One enzyme in this group, uracil-DNA glycosylase, specifically removes uracil residues from DNA that arise either by the spontaneous deamination of deoxycytidine monophosphate residues (2, 16, 27) or the misincorporation of dUTP into DNA by DNA polymerase (39, 45) . Although uracdil-DNA glycosylase has been purified and characterized from several procaryotic (10, 21, 23, 25, 26) and eucaryotic (6, 8, 11, 14, 15, 20, 35, 41) organisms, this enzyme has not been studied in mollicutes. Since little is known concerning the enzymology of DNA repair in these organisms and since uracil-DNA glycosylase may play a role in A. T-biased mutation pressure observed in the mollicutes (33, 47) , further characterization of this enzyme seemed necessary.
In this report, we describe the purification of the uracil-DNA glycosylase from Mycoplasma lactucae (831-C4). The purified enzyme was characterized with respect to substrate specificity, kinetic properties, divalent cation requirement, pH optimum, and molecular weight. Organisms. Bacillus subtilis SB19E and SB5 and the bacteriophage PBS2 were obtained from I. Takahashi, McMaster University, Hamilton, Ontario, Canada, and R. B. Guyer, Pennsylvania State University, University Park. These organisms were grown and maintained as described previously (20, 48) . M. lactucae 831-C4, which was originally designated Mycoplasma sp. (Let. 1), was isolated from lettuce by N. L. Somerson, The Ohio State University. This organism was chosen for the study since it contains low levels of alkaline DNase activity, which nonspecifically hydrolyzes DNA containing uracil residues (47) . The organism was grown at 37°C in modified Edward medium (3) supplemented with 4% (vol/vol) heat-inactivated (56°C, 1 h) horse serum (Hazleton, Lenexa, Kans).
Uracil-DNA glycosylase assay. Uracil-DNA glycosylase activity was determined by using a modification of the procedure of Caradonna and Cheng (6) . Briefly, the reaction mixture contained the following in a total volume of 0.2 ml: 50 mM Tris hydrochloride (pH 7.5), 100 jig of bovine serum albumin per ml, 20 mM dithiothreitol, 3 to 5 ,ug of calf thymus double-stranded DNA containing [3H]uracil residues (specific activity, 99 pXCi/4imol or uracil, 0.041 nmol of dUMP/4Lg of DNA), 10 mM EDTA, and the enzyme sample (0.2 to 9 ,ug of protein). DNA containing either radiolabeled uracil, cytosine, guanine, thymine, or adenine residues was prepared by nick translation with the radioactive triphosphate as described by Rigby et al. (38) . After incubation at 37°C, the reactions were terminated, and the acid-soluble radioactivity was determined as described previously (6) . A unit of uracil-DNA glycosylase activity was defined as the amount of enzyme required to release 1 nmol of uracil as trichloroacetic acid-soluble material per min at 37°C. Products of the reaction were determined by thin-layer chromatography as described by Beardsley and Abelson (4).
Enzyme purification. All buffers contained 0.1 mM phenylmethylsulfonyl fluoride to prevent proteolytic digestion of the enzyme. Unless otherwise stated, all purification procedures were performed at 4°C. Protein elution from the various matrices was monitored spectrophotometrically at 280 nm.
(i) Crude extract. Fifteen liters of culture (containing approximately 1.5 x 1015 cells) was harvested during the mid-log growth phase and washed as described previously (3) . The cell pellet was suspended in 150 ml of TMGE buffer (10 mM Tris hydrochloride [pH 7.5], 2 mM 2-mercaptoethanol, 10% [volvol/ glycerol, and 1 mM EDTA), and the cells were disrupted by sonication using a Branson model 350 sonifier (four 1-min pulses with a microprobe output setting of 4, 40% duty cycle). The resulting homogenate was centrifuged (30,000 x g, 30 min), and the supernatant, designated fraction 1, was used as the source of uracil-DNA glycosylase.
(ii) Blue Sepharose chromatography. Fraction 1 was applied to a Blue Sepharose column (3 by 40 cm) equilibrated in TGME buffer. Uracil-DNA glycosylase activity was eluted with a linear gradient of increasing ionic strength by using 250 ml each of TGME buffer and TGME buffer containing 2 M KCl. Fractions were collected in 5-ml portions. Uracil-DNA glycosylase eluted as a single peak at a KCl concentration of 0.95 M. The fractions containing the enzyme activity were pooled and dialyzed overnight against TGME buffer (fraction 2).
(iii) DNA-cellulose chromatography. Fraction 2 was applied to a double-stranded DNA-cellulose column (2.5 by 20 cm) that had been equilibrated in TGME buffer. Uracil-DNA glycosylase activity was eluted with a linear gradient of increasing ionic strength by using 250 ml each of TGME buffer and TGME buffer containing 2 M KCl. Fractions were collected in 5-ml portions. The enzyme was eluted as a single peak at a KCI concentration of 0.34 M. Fractions containing uracil-DNA glycosylase activity were pooled and dialyzed overnight against KG buffer (10 mM potassium phosphate [pH 7.5] , containing 10% [vol/vol] glycerol) (fraction 3).
(iv) Poly-U Sepharose chromatography. Poly-U Sepharose chromatography was performed with a Pharmacia fast-protein liquid chromatography system. The separation was performed at 25°C, but the column and all buffers were cooled to 4°C. Fractions were collected on ice. Fraction 3 was applied to a Poly-U Sepharose column (1 to 10 cm) that had been equilibrated in KG buffer. Uracil-DNA glycosylase activity was eluted with a linear gradient of increasing ionic strength by using 80 ml each of KG buffer and KG buffer containing 1 M KCl. Fractions were collected in 4-ml portions. Uracil-DNA glycosylase activity eluted in a single peak at a KCl concentration of 0.45 M. Fractions were pooled and dialyzed overnight against IH buffer (14 mM imidazole hydrochloride [pH 8.3]) (fraction 4).
(v) Chromatofocusing chromatography. Fraction 4 was applied to a PBE-94 column (1.5 by 40 cm) equilibrated in IH buffer. Uracil-DNA glycosylase activity was eluted from the matrix by using 300 ml of Polybuffer 74 (pH 5.0). Fractions were collected in 4-ml portions. Uracil-DNA glycosylase activity eluted as a single peak at a pH of 6.4. Fractions containing uracil-DNA glycosylase activity were pooled and stored at 4°C (fraction 5).
PBS-2 uracil-DNA glycosylase inhibitor. The PBS-2 uracil-DNA glycosylase inhibitor was partially purified from PBS-2-infected B. subtilis as described previously (9) . Inhibitor activity was determined in both a HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-buffered system (HEP) and a Tris-buffered system (TRI). The HEP system contained the following in a total volume of 0.2 ml: 70 mM HEPES-KOH (pH 7.8), 1 (Fig. 1B) ULT uracil residues ( Fig. 2A) . Under the conditions of the assays, glycosylase. The summary of a less than 50% of the substrate was hydrolyzed. The results Lcil-DNA glycosylase is shown were converted into a Lineweaver-Burk plot, and the Mi-;ulfate-polyacrylamide gel elec-chaelis constant (Kin) was estimated to be 1.05 ± 0.12 ,tM sat the fraction 5 preparation for dUMP containing DNA (Fig. 2B) . Uracil acted as an s (Fig. lA) . The major protein inhibitor of the uracil-DNA glycosylase. The mechanism of r weight of 28,500 ± 2,000 (five uracil inhibition of uracil-DNA glycosylase was examined as rotein species with a molecular described by Dixon and Webb (13) with various concentra-)determinations). Since we can tions of uracil in different series of fixed substrate concenof protein, we have estimated trations. Uracil acted as a noncompetitive inhibitor of the enzyme with a Ki of 5.2 mM (Fig. 2B ).
Biochemical and physical characteristics. The effect of the monovalent cations K+, Na+, and NH4+ on uracil-DNA glycosylase activity is shown in In a 5 to 20% sucrose gradient containing 100 mM NaCl the M. lactucae uracil-DNA glycosylase sedimented as a single peak of activity with a sedimentation coefficient of 2.54. The Stokes radius was calculated at 3.4 nm by using gel filtration chromatography. Assuming a partial specific volume of 0.725 cm3/g, a molecular weight of 33,500 was calculated by using the Svedberg equation. The frictional coefficient (flfo) was calculated to be 1.51, indicating that the uracil-DNA glycosylase has a nonspherical shape.
Uracil-DNA glycosylase inhibitor. The effect of the partially purified PBS-2 uracil-DNA glycosylase inhibitor on the activities of uracil-DNA glycosylases in crude cellular extracts from B. subtilis, E. coli, and M. lactucae is shown in Fig. 4 . Regardless of the buffer system employed, the enzyme from M. lactucae was more resistant to inhibition by the PBS-2 inhibitor than the enzymes from B. subtilis and E. coli. The amounts of inhibitor required to cause a 50% inhibition of the uracil-DNA glycosylase activity in the HEP system were 1.20, 0.55, and 0.15 ,ug, respectively, for M. lactucae, E. coli, and B. subtilis; in the TRI system, the amounts were 1.25, 0.65, and 0.20 ,ug. This difference was not due to differences in the amounts of enzyme used in the assays, nor was it due to the proteolytic digestion of the inhibitor in the extracts from M. lactucae. Similar results were observed with the purified E. coli and M. lactucae uracil-DNA glycosylases (data not shown).
DISCUSSION
The uracil-DNA glycosylase from M. lactucae was purified approximately 1,657-fold by using a combination of affinity and chromatofocusing techniques. Two protein spe- cies were observed after electrophoresis of fraction 5 preparations; therefore we cannot conclude that the uracil-DNA glycosylase is homogenous. However, we believe that the minor protein species is a contaminant that is introduced into the fraction 5 preparation during ammonium sulfate precipitation. This could explain why this protein species was only observed in two of five preparations that were examined.
DNA-cellulose and Poly-U Sepharose have been employed previously for the purification of uracil-DNA glycosylase from other sources (6, 10, 20, 21, 23, 26) , but this represents the first study in which the dye affinity matrix Blue Sepharose has been used for the purification of uracil-DNA glycosylase. The matrix was useful in that it allowed for a 65-fold purification of the enzyme with a relatively high yield; it also allowed for the rapid separation of uracil-DNA glycosylase from alkaline DNase, which nonspecifically hydrolyzes DNA containing uracil.
The uracil-DNA glycosylase from M. lactucae was similar to uracil-DNA glycosylases from other procaryotic organisms with respect to pH optimum (10, 21, 23, 26) , substrate specificity (10, 21, 23, 26) , isoelectric point (23), insensitivity to inhibition by EDTA (10, 21, 23, 26) , shape, subunit composition and molecular weight (10, 23, 26) , and stimulation by monovalent cations (10, 23, 26) . Conversely, the uracil-DNA glycosylase from M. lactucae differed from other procaryotic uracil-DNA glycosylases in that it was more resistant to inhibition by the PBS-2 uracil-DNA glycosylase inhibitor (22) , by monovalent cations (10, 23, 26) , by the divalent cations Fe2", Zn2+, and Co2+ (10), and by uracil (10, 21, 23, 26) , had no preference for single-stranded DNA as a substrate (10, 23) , and had a 40-to 1,000-times-higher Km for dUMP containing DNA (10, 21, 23, 26) .
It has been reported that monovalent cations can modulate the activity of uracil-DNA glycosylase (10, 23, 26 (47) , all organisms that have been examined possess uracil-DNA glycosylase activity. Recently it has been demonstrated that there are highly conserved regions both at the DNA level and the amino acid level between the uracil-DNA glycosylases from E. coli (43) , Saccharomyces cerevisiae (35) , herpes simplex virus (32) , and human placenta (34) . The PBS-2 uracil-DNA glycosylase specifically inhibits the activity of uracil-DNA glycosylases from both procaryotic and eucaryotic sources (22) , and a recent study has demonstrated that the inhibition of enzyme activity is due to the binding of the inhibitor to the enzyme (44) . This suggests that the inhibitor protein must recognize an amino acid sequence that is conserved in the VOL. 172, 1990 on January 28, 2018 by guest http://jb.asm.org/ Downloaded from various uracil-DNA glycosylases. Thus, although neither the DNA sequence for the gene encoding for the uracil-DNA glycosylase from M. lactucae nor the amino acid sequence of.the protein is known, our results with the PSB-2 uracil-DNA glycosylase inhibitor suggest that there may be some homology, at least at the amino acid level, between the uracil-DNA glycosylase from M. lactucae and uracil-DNA glycosylases from other organisms.
It has -been suggested that mollicutes must be metabolically constrained by their limited genome size (29) and that they may represent minimal cellular life forms that are capable of self-replication (31) . Since deamination of cytosine residues in DNA occurs under.physiological conditions (29) , the inability to remove uracil residues from DNA would result in A * T transition mutations and ultimately in a decrease in the G+C content of DNA. We reported previously that Mycoplasma gallisepticum (31% G+C), Mycoplasma capricolum (25% G+C), and Ureaplasma urealyticum (26% G+C) lack uracil-DNA glycosylase activity (47) and that all members of the genera Mycoplasma and Ureaplasma lack dUTPase activity (46) . The results of this study demonstrate that, whereas M. lactucae (30%o G+C) possesses uracil-DNA glycosylase activity, the Km of the enzyme for uracil containing DNA is 40 to. 1,000 times greater than that reported for other uracil-DNA glycosylases. These results suggest that the mollicutes may be less efficient than other organisms in their ability to remove uracil residues from DNA. Thus, although further studies are necessary, it is possible that the low G+C content of the DNA from some mollicutes and the A. T-biased mutation pressure observed in these organisms may be related to their decreased capacity to remove uracil residues from DNA.
